Microcavities based on asymmetrical Fano resonance have great potential in the application of ultra-sensitive sensors. In this paper, a very sharp asymmetrical Fano resonance is achieved by indirectly coupled gain-loss cavities. The sensitivity for detecting temperature can be enhanced up to 10 7 ∕K, 8 orders of magnitude greater than that for two indirectly coupled lossy cavities. The resolution of the thermal sensor reaches 10 −13 K. A thermal sensing mechanism based on coupled gain-loss optical cavities is investigated theoretically. The integrated structure shows potential to be an ultra-sensitive temperature microsensor.
INTRODUCTION
Optical microresonators with high Q factors and small mode volumes for sensing have received considerable attention in recent years for their potential applications in temperature [1] [2] [3] [4] [5] [6] , refractive index [7, 8] , pressure [9] , biosensing [10] [11] [12] , and rotation sensing [13] [14] [15] [16] [17] [18] . Recent microresonator sensors have been based on the measurement of resonance frequency or resonance wavelength shifts due to the change of the environment parameters. For thermal sensor applications, the material properties of the resonator, such as thermal-optical effect and thermal expansion, are important for the resonance frequency shifts. Temperature sensors had previously been demonstrated on silica and silicon microresonators [1, 6] , but their sensitivity was limited by the small thermal-optical effect and thermal expansion. Therefore, high-Q-factor polydimethylsiloxane (PDMS)-coated microresonators with large thermal effect were used for the thermal sensors, resulting in sensitivity 1 order of magnitude higher than silica and silicon sensors [2, 4] .
Another sensing mechanism is through measuring the output intensity change with the resonance frequency or wavelength shifts. When measuring output intensity, Fano resonance is beneficial for improving sensitivity. In particular, Fano resonance with narrow and sharp asymmetrical line shapes has attracted attention for use in slow light [19, 20] , low switching threshold [21] , and high-sensitivity sensors [7, 8, 22, 23] , which was first realized in side-coupled waveguide-cavity systems [24] . Since then, theoretical and experimental works have investigated asymmetric Fano resonance (AFR) in different configurations. In these experiments, AFR was generated in a single whisperinggallery microresonator (WGM) [25] , and showed great potential for use in high-sensitivity sensors owing to its simple structure. Furthermore, dynamic Fano-like resonance in Er 3 -doped WGM microresonators for high-sensitivity sensors has been demonstrated by Yang et al. [26] , providing experimental evidence of the Fano resonance in active cavities. In addition, Zhang [23] has realized high-temperature sensors using an eye-like ring resonator. A refractive index sensor with a twolossy-cavity structure was proposed to produce sharp AFR [7] , but the obtained slope of the asymmetric line shape was not sharp. Recently, the gain and loss engineering in cavities and waveguides have been investigated in nonlinearity [27, 28] , laser [29] , and parity-time symmetry [30, 31] . Fano resonace with large slope is obtained in a parity-time-assisted three-cavity configuration, and the slope is enhanced by 10 6 compared to that in Ref. [7] .
In this paper, we propose an indirectly coupled gain-loss cavity configuration to generate AFR. The slope of the AFR is enhanced by 8 orders of magnitude in comparison with loss-loss coupled cavities, which is crucial to the sensitivity of temperature sensors. The paper is organized as follows. In Section 2, we theoretically analyze the reason for AFR formation in the proposed structure. In Section 3, we demonstrate the application of the gain-loss structure as an ultra-sensitive temperature sensor through numerical investigation.
THEORETICAL MODE AND ANALYSIS
The analyzed structure is shown in Fig. 1 ; it involves two resonant cavities with different effective decay rates. They are strongly coupled through an optical waveguide. As the distance L between cavity1 and cavity2 is much longer than the wavelength, no directly coupled mode exists among them. In the proposed configuration, the amplitude of the input and output field in the waveguide are represented by a in and a t , respectively. Due to the backscattering of the cavities, we define the reflection amplitude a r , which can be detected in the input port.
To analyze the behavior of this configuration, we use the coupled mode theory [7, 8, 32, 33] 
where the internal amplitudes in each cavity are represented by c 1 and c 2 , ω i (i 1, 2) is the resonance frequency of each cavity, and κ Ei and κ Ii are external and intrinsic decay rates, respectively. In cavity1, the effective intrinsic decay rate κ 1 κ I1 − g is reduced by the pump gain g [8] , which can be provided by the rare-earth ions Er 3 or quantum dots [34, 35] . For simplicity, we assume that the gain in cavity1 is g ξκ I 1 . Therefore, the effective decay rate is κ 1 1 − ξκ I 1 , which means that ξ > 1 and ξ ≤ 1 correspond to the gain and loss conditions, respectively, in cavity1. The effective interaction parameter g eff e iθ ffiffiffiffiffiffiffiffiffiffiffiffiffi κ E1 κ E2 p between the two cavities is dependent on the cavity-waveguide coupling rate κ Ei (i 1, 2) and the propagating phase θ kL, where k is the propagation constant [7, 8] . Experimentally, using the fiber taper to couple, the resonator can change the coupling coefficient κ E by adjusting the gap between the fiber and the cavity. For control of the propagation phase θ, we can prepare a fabricated and free cavity, and the distance L between them can be adjusted arbitrarily by a translation stage [36] . Using the steady-state condition d c i ∕d t −iωc i in Eqs. (1) and (2), with the input light at the frequency ω, we can obtain the internal mode of each cavity:
where
, and Δω i ω − ω i is the frequency detuning. With the input and output relations [27] a r ffiffiffiffiffiffi ffi
the transmission and reflection rates can be derived as
As can be seen from Eq. (7), the added cavity2 introduces backward-propagating lights perturbing the phase of the transmission spectra and results in complex interference with the light transmission in the common waveguide [8, 32] , which is the reason for the AFR formation in this configuration. Assume that the parameters of the two cavities are identical, i.e., ω 1 ω 2 , κ I1 κ I2 , and κ E1 κ E2 20κ I1 [8] . To demonstrate the characteristics of this coupled system, we display in Fig. 2 the transmission and reflection spectra of the two indirectly coupled cavities when the two cavities' resonance ω 1 ω 2 and both spectra exhibit AFR with large slope. The gain-loss coupled cavities realize a sharper line shape than configuration with two lossy coupled cavities, that is, the interference of light radiated by both resonators with the pump light gives rise to a sharper AFR, which may have very steep frequency dependence. Physically, the gain in cavity1 compensates the loss of the coupled system and narrow-resonance line width, causing rapid changes in transmission and reflection spectra in very narrow frequency ranges. In practice, Er 3 -doped microresonators have become a mature technology to generate the gain, and there exists a minimum Er 3 concentration to Fig. 1 . Schematic of the coupled gain-loss cavities. produce enough gain to compensate the roundtrip loss for a fixed cavity Q factor. By changing the Er 3 concentration and the pump power, we can realize the gain variation. In [26, 34, 37] , gain has been accurately controlled to compensate for the loss of the cavity.
Fano resonance is produced by the two resonances, involving interference via the optical waveguide, and the new resonant mode in each of the cavities and waveguide coupling strength are related to the propagating phase θ. This implies that asymmetric sharp transmission spectra can be produced by tuning the waveguide distance L between two cavities. Consequently, the transmission spectra of two lossy indirectly coupled cavities and gain-loss coupled cavities versus different θ are shown in the Fig. 3 . The transmission spectra exhibit an asymmetric line shape for the properly propagated phase and realize a sharper line shape in gain-loss configuration with different propagation phase θ. Obviously, the transmission and reflection spectra at θ mπ (m is an integer) are symmetric Lorentz line shapes, in that the two resonance modes calculated by Eqs. (3) and (4) are degenerate. However, when θ π∕8 mπ, an asymmetrical line shape is generated due to the distinct resonance interference. The reflection and transmission power at θ θ a (θ a is from 0 to π) and θ π − θ a are horizontal mirror symmetric.
The transmission characteristics of the indirectly coupled structure at different ξ are depicted in Fig. 4 . Specifically, different AFR spectra are obtained by modulating the ξ. In Fig. 4(a) , a sharp resonance peak in the transmission spectra increases gradually with increase in ξ when θ π∕8. However, the transmission increases until it reaches a maximum and then decreases gradually in Fig. 4(b) . By optimizing the propagation phase θ and gain parameter ξ, we can obtain the maximum slope value of the AFR.
TEMPERATURE-SENSING MECHANISAM
Based on the preceding discussion, the sharper AFR causes the higher sensitivity. Here, the physical mechanism of the indirectly coupled cavity temperature sensors is discussed. When the coupled cavities come to a steady state, the thermal effect of the cavities resulting from the temperature changes relies on the refractive index n determined by the materials and diameter D of the cavities. The change of the resonance wavelength λ versus T in the WGM is [2, 4] 
where λ 0 is the resonance wavelength of the cold cavity and n is the effective refractive index; d n∕d T is the thermo-optical coefficient and 1∕Dd D∕d T is the thermal expansion coefficient. Hence, for a given input wavelength λ 0 , the derivation of the normalized transmission signal can be expressed as
where c is the light velocity in vacuum. d T trans ∕d T defines the temperature-detection sensitivity of the coupled gain-loss cavities, and the slope is defined as
According to Eqs. (10) and (11), the detection sensitivity is directly proportional to transmission spectrum slope S, and larger S means greater temperature-detection sensitivity d T trans ∕dT . Figure 5 shows the dependence of the maximum slope S max by varying the values of θ with and without gain introduced in cavity1. The slope is sensitive to the propagation phase θ and the period of the slope is π, corresponding to the period of the transmission spectrum. All three curves in Fig. 5 have a minimum value at θ mπ (where m is an arbitrary integer), which is due to the transmission spectrum's symmetric Lorentzian line shape in this condition. The maximum S max of each curve has been marked in Fig. 5 (see black arrows) . As can Research Article be seen, the gain-loss coupled structure (red curve) provides 3 orders of magnitude slope enhancement in comparison with the two lossy coupled cavities (green curve) at θ c 0.01π mπ. When θ approaches θ c , the slope increases rapidly and reaches 10 3 in the gain-loss coupled condition. The maximum value of slope S max versus gain parameter ξ is depicted in Fig. 6 . For a fixed propagating phase θ, when ξ increases, S max increases slowly at first and then increases sharply, reaching the maximum value. All maximum values of sensitivity S max are located at the region ξ > 1 (i.e., gainloss coupled condition) and, with increasing propagating phase θ, the higher gain must be introduced to improve the slope of AFR. The slope gets a significant enhancement at ξ 2.35, ξ 3.46, and ξ 7.74 when θ π∕32, θ π∕16, and θ π∕8, respectively. It is essential to fix the gain at a specific value and, as a result, this will affect the functionality of the sensor dramatically, as shown in Fig. 7 . As mentioned earlier, the gain variation is tuned by changing the Er 3 concentration and pump power. Furthermore, the method in Ref. [38] can accurately adjust and fix the gain coefficient, with an additional loss induced on the gain resonator, by a Cr-coated silica-nanofiber tip.
It is worth noting that the preceding analysis is based on the identical resonance frequency ω 1 ω 2 , at which resonators are coupled at same environment and neglect the nonlinear effect. However, the two cavities have a detuning ω 12 ω 1 − ω 2 in practice. Both the slopes of the transmission spectra and the resonance peak intensity will decrease when two cavities have frequency difference ω 12 , while the detection sensitivity will not degrade significantly when the two cavities have a frequency detuning ω 12 shown in the inset of the Fig. 7(b) . We also optimize the maximum slope of the AFR at detuning ω 12 3κ I1 and find that the slope is 10 6 . In addition, the cavity mode can be modulated by the electric-optical modulation or chemical etching [39] , through which the detuning ω 12 will be optimized to achieve the maximum slope.
Considering the actual parameters-input wavelength λ 1550 nm, thermal-optical coefficient dn∕dT 1.8×10 −4 , thermal expansion coefficient 1∕Dd D∕dT −2.7 × 10 −4 , effective refractive index n 1.37, quality factor Q 10 6 , and intrinsic decay rate κ I 1 2πω∕Q-from Ref. [4] , we can numerically calculate the detection sensitivity d T trans ∕dT through the transmission spectra. The detection sensitivity d T trans ∕d T in gain-loss coupled cavities can be numerically calculated as approaching 1.43 × 10 7 ∕K from the highest value in Fig. 7 , which means the transmitted spectrum will change 1.43 when the temperature changes 10 −7 K. Thus, the gain introduction plays a key role in sensitivity of the temperature sensor based on microcavities.
In addition to sensitivity, minimum detectable signal with respect to noise is another important feature of the sensors. Either electrical or optical pumps will generate thermal noise and spontaneous emission noise (SPN) when we provide the gain in the resonator. Supposing the instrument can detect the power at the resolution of ΔP min , the minimum measured temperature is obtained as where P 0 is the input power. The smallest detectable power changing is limited by the detector noises. The signal-tonoise ratio (SNR) of the thermal sensor can be expressed by SNR I s ∕I n , in which I s eηP out ∕hυ and I n ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi I 2 shot I 2 th I 2 s−sp I 2 sp q denote the detected signal and noise current [40] , respectively, and all the terms of I n shown in Table 1 .
In the equations of Table 1 , I sp eηP sp ∕hυ is spontaneous emission noise current, P sp is the spontaneous emission noise power (for details see Appendix A), B 0 denotes the optical bandwidth, B e is the electrical bandwidth, η is the quantum efficiency, and R L and T eff are the resistance and temperature of the detector, respectively. All the values of the parameters are given in Table 2 . When SNR 1, the smallest detectable temperature under the noise limit is 
The total spontaneous emission noise current we calculate is 4.91 × 10 −18 A (for details see Appendix A), which is far less than the shot and thermal noise current. Therefore, we can neglect the influence of spontaneous emission noise on the temperature resolution. Figure 8 plots the influence of the noises on the detection limit. The thermal noise is dominant and the smallest detectable temperature change is mainly limited by it. The detection limit of the thermal sensor can be obtained as ΔT min 10 −13 K.
CONCLUSIONS
In summary, we theoretically investigated the evolution of the AFR in two configurations of gain-loss coupled cavities. Our results show that the gain-loss condition can greatly enhance the slope of the AFR, which gives larger transmission spectrum variation at a fixed resonance frequency than two lossy coupled cavities. This in turn shows such coupled microresonators to be promising thermal sensors with high sensitivity (10 7 ∕K) and resolution (10 −13 K). The investigated structure will enable ultra-high sensitivity and compact integrated microresonator sensors to become more feasible in practice.
APPENDIX A
To deal with the optical gain introduced in a resonator and the noise it generates, the typical coupled mode equation can be written as
where Δ ω − ω 0 , and at and st designate the amplitude of the resonant mode and the slowly varying amplitude of the noise, respectively. μ is the resonator-waveguide coupling strength and is equal to ffiffiffiffiffiffiffiffiffi 1∕τ e p . The effective decay rate is 1∕τ i 1∕τ g − 1∕τ l .
We assume the gain introduced in the resonator through Er 3 doping in the resonator. For simplicity, we consider the Er 3 two-level systems. N 1 and N 2 are the density of the erbium ions in the states 4 I 13∕2 and 4 I 15∕2 , respectively, and N 1 is almost zero. Subsequently, a population inversion between the two states is formed to provide optical gain. The need to compensate the intrinsic loss τ l in the cavity calls for the minimum population density for the upper level
where σ 21 is the emission cross-section of erbium ions and τ c represents the cavity decay time calculated by τ c Ln eff ∕ 1 − exp−α int Lc, in which L represents the perimeter of the cavity and propagation loss is α int n eff ω∕cQ int . Then we can derive an equation for accumulating spontaneous emission based on the theory from Refs. [40, 41] . Through Eqs. (A1) and (A2), the spontaneous emission power noise power of the resonator can be obtained as 
